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We report airborne measurements of the column abundance of atmospheric methane made over an alti-
tude range of 3-11 km using a direct detection integrated-path differential-absorption lidar with a pulsed
laser emitting at 1651 nm. The laser transmitter was a tunable, seeded optical parametric amplifier
pumped by a Nd:YAG laser, and the receiver used a photomultiplier detector and photon-counting elec-
tronics. The results follow the expected changes with aircraft altitude, and the measured line shapes and
optical depths show good agreement with theoretical calculations. © 2012 Optical Society of America
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1. Introduction

The last report by the Intergovernmental Panel on
Climate Change [1] attributes the increase of the at-
mospheric concentrations of greenhouse gases above
their preindustrial levels to the burning of fossil
fuels and other anthropogenic sources. As the con-
centration of greenhouse gases steadily increases,
the subsequent radiative forcing will likely have a
significant impact on Earth’s climate. Presently our
knowledge and understanding of the important pro-
cesses controlling greenhouse gas concentrations is
incomplete. Current observations of greenhouse
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gases are mostly from in situ (surface and tower) sites,
airborne, and space-based measurements from pas-
sive spectrometers. Initial space measurements of
methane and other greenhouse gases came from
SCIAMACHY on European Space Agency’s (ESA’s) en-
vironmental satellite (ENVISAT) mission [2-4], the
infrared atmospheric sounding interferometer (IASI)
on the Centre National d’Etudes Spatiales’s (CNES)
MetOp satellite [5,6], and NASA’s atmospheric infra-
red sounder (AIRS) on that agency’s Aqua Mission
[7,8]. Additional space measurements are now
available from Japan Aerospace Exploration Agency
or Japan Space Exploration Agency’s (JAXA’s) green-
house gases observing satellite (GOSAT) mission,
which was launched in 2009 [9-12]. All four



instruments are passive spectrometers, and their ob-
servations are limited. Measurements using surface-
reflected sunlight by GOSAT and SCIAMACHY are
limited to the sunlit areas of earth, and their data
products are significantly affected by atmospheric
scattering and the presence of clouds [13,14]; measure-
ments in thermal infrared by AIRS and IASI have a
measurement weighting function peaked in the mid-
troposphere [15] and are not sensitive to the sources
and sinks of greenhouse gases at the surface but are
very sensitive to atmospheric temperature changes.

Although CO, is currently the largest carbon-based
greenhouse gas, methane is also important because
its radiative forcing is approximately 23 times larger
per molecule than that of CO; [1]. The methane mix-
ing ratio is presently at ~1.8 parts per million by vo-
lume and has been increasing along with CO, [15,16].
Natural sources of methane include wetlands, wild
fires, and termites [17]. Anthropogenic sources of
methane include fossil fuel production, rice farming,
livestock, and landfills. Important sinks for methane
include oxidation by hydroxyl radicals in the atmo-
sphere and oxidation by nonsaturated soils.

Large amounts of methane are also contained in
the continental shelfin the form of methane hydrates
[18]. The large reservoirs of carbon trapped in the
permafrost regions of northern Siberia, North
America, and Europe are a major concern. As global
temperatures rise and the permafrost thaws, some of
the carbon will be converted to methane and will be
released into the atmosphere, adversely affecting the
climate [19,20]. Better knowledge of the methane
distribution and understanding of the sources and
sinks is imperative for a better assessment of its
impact on global change [21-23].

The U.S. National Research Council also recognized
the importance of measuring methane, and its last
Decadal Survey for Earth Science [24] recommended
that NASA implement an active (laser-based) space
mission to measure CO4 emissions called active sen-
sing of CO2 emissions over nights, days, and seasons
(ASCENDS) and added the following statement: “Ide-
ally, to close the carbon budget, methane should also
be addressed, but the required technology is not now
obvious. If appropriate and cost-effective methane
technology becomes available, methane capability
should be added.” The ASCENDS working group is
in the process of defining measurement requirements
for the mission [25]. Although the final ASCENDS
requirements have not yet been released, its launch
date has been deferred by budgetary constraints.

The French CNES in collaboration with the
German Aerospace Centre is developing a small lidar-
based methane mission called the Methane Remote
Sensing Lidar Mission (MERLIN) scheduled for
launch in 2016 [26-28]. MERLIN targets an 8 part
per billion volume (ppbv) relative random error in the
methane column abundance with a 50 km horizontal
resolution to be scientifically useful.

Measuring methane and its isotopes in planetary
atmospheres can also aid in understanding

planetary processes and in the search for extraterres-
trial life. Habitable environments are believed to have
existed previously on Mars and could potentially
persist today. The presence and distribution of
methane and other gases of possible biogenic origin
may provide evidence for subsurface biology and help
better locate regions for more intensive study. Recent
planetary missions and ground-based observations
have provided evidence of reservoirs of methane
and water on Mars [29—33] that could potentially har-
bor life. The observations also suggested large seaso-
nal and spatial variations of methane concentrations.

The Mars trace gas orbiter (TGO) is an ESA mis-
sion currently under development that is scheduled
to launch in 2016 [34]. It will make very sensitive
measurements of a broad suite of atmospheric trace
gases and characterize the spatial and temporal
variability of methane and other key species with
passive spectrometers. In the future, a laser-based
spectrometer (a lidar) can provide much better spa-
tial resolution to localize areas of high methane
concentrations (e.g., plumes or vents) discovered by
TGO and map the global distribution of these gases
over day and night and at all latitudes. The require-
ments for an active methane instrument on Mars are
likely to require 1 ppb or below detection sensitivity
over a relatively small area (a few tens of square
kilometers) in order to localize methane sources.
For these applications, measuring methane is a
detection problem—namely, detecting the presence
of a small signal against a small background.

At Goddard space flight center (GSFC) we have
developed lidar technology based on optical para-
metric amplifiers (OPAs) that can be used to measure
methane remotely from an orbiting platform. The
transmitter technology is applicable to both Earth
and planetary atmospheres but requires different de-
tectors. Using this technology we have demonstrated
measurements of methane, carbon monoxide and
dioxide, and water vapor on the ground [35,36],
and in the summer of 2011 we demonstrated
methane measurements from an airborne platform
in California at altitudes from 3 to 11 km. The latter
measurements are the subject of this work.

2. Methane Spectroscopy

Methane has absorptions in most of the near- and
mid-IR spectral range. The strongest bands are at
1.65, 2.2, 3.3, and 7.8 pm. The band at 3.3 um is
ideal for making high-sensitivity measurements of
methane in low-pressure planetary atmospheres,
such as that of Mars. The average surface pressure
on Mars is ~6 mbar, which results in negligible pres-
sure broadening (typically <30 MHz full width at half
maximum) so the absorption lines are essentially
Doppler-broadened. A laser spectrometer with suffi-
cient signal-to-noise ratio (SNR) and high spectral
resolution would be an ideal candidate for measuring
methane from a Mars orbit.

In the Earth’s atmosphere the methane lines in the
3.3 pm spectral region may be suitable for pipeline
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leak detection and other similar low-altitude applica-
tions [37—40] that use relatively short paths (typically
<1 km) and for in situ detection [41-43]. However,
most methane lines near 3.3 pm are too strong for
space use because they would completely absorb the
laser radiation before it reached the ground. There is
also significant interference from the wings of adja-
cent water vapor and other absorption lines in this
spectral region. Water vapor is a particular issue be-
cause it is highly variable in the Earth’s atmosphere
and would make accurate measurements of methane
from space at 3.3 pm very difficult.

The overtone lines of methane at 1.65 pm, however,
are well suited for remote sensing of atmospheric
methane in the Earth’s atmosphere. The lines are
almost two orders of magnitude weaker than those
at 3.3 pm, but they are relatively free of interference
from other atmospheric species. For example, Fig. 1
shows the two-way transmittance through a U.S.
standard atmosphere from an orbit of 400 km for a
methane line at 1650.95 nm calculated using the
HITRAN 2008 database [44]. This candidate methane
line is strong enough to be used for lidar observations
and has very little interference from other species.

3. Laser Approach and Technology

We have developed a direct-detection lidar to measure
column methane abundance using the integrated-
path differential absorption (IPDA) technique. It uses
a tunable pulsed laser, whose spectral emission can be
rapidly tuned across a selected methane absorption
line, and a time-resolved receiver using a sensitive de-
tector to detect the reflected laser energy.

We chose a laser based on optical parametric gen-
eration (OPG) to generate tunable radiation at 1.65
and 3.3 pm. In OPG, a photon of an incident laser
pulse (pump) is divided into two photons, a signal
and an idler, by a nonlinear optical crystal. The wa-
velengths of the signal and the idler must that satisfy
the energy and phase-matching conditions in the
crystal. An OPA is a seeded version of OPG.
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Fig. 1. Two-way atmospheric transmittance of methane at
1651 nm from a 400 km orbit for a U.S. standard atmosphere. The

dotted curve is the two-way atmospheric transmittance without
methane (background).
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Fig. 2. Block diagram of the OPA-based IPDA lidar.
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A simplified block diagram of our OPA-based lidar
is shown in Fig. 2. A nonlinear periodically poled
lithium niobate (PPLN) crystal is pumped by a pulsed
single-frequency 1064 nm Nd:YAG laser and seeded
by a continuous-wave (CW) 1651 nm distributed-
feedback (DFB) laser diode. The wavelength of the
seed laser can be easily changed by changing the diode
laser. We used seed laser diodes at 1578 nm to gener-
ate an idler wavelength at 3.3 pm and 1651 nm to am-
plify the seed wavelength for 1651 nm applications. In
principle, any diode laser between 1530 and 1660 nm
can be used as a seed in order to target different trace
gases in the 1.5-1.65 ym and 3—4 pm range. Diode la-
sers are small, rugged, and have very desirable spec-
troscopic characteristics: their side-mode suppression
ratio typically exceeds 40 dB, they tune smoothly over
a few nanometers, their wavelength can be tightly con-
trolled via the temperature and current to the diode,
and the instantaneous linewidth can be less than
1 MHz. They also can also be frequency stabilized
using external reference cells [45].

The two beams (seed and pump) are coaligned and
focused through the PPLN crystal. The temperature
of the crystal can be tuned between 70°C and 170°C
to optimize the phase matching at the target wave-
length. The output beam is separated into three
wavelength paths using dichroic mirrors. Depending
on the application (Earth or Mars), the signal, the
idler, or both can be used for trace gas detection
through an absorption cell or in an open path. For
open path measurements the returns at 1651 nm
and 3.3 pm are collected by commercial telescopes
and detected by InGaAs and HgCdZnTe detectors,
respectively. The return signals are averaged by a
boxcar averager and digitized by a computer for pro-
cessing and display. A description of the different
OPA systems we have used for ground-based mea-
surements was given by Numata et al. [35]. In this
paper, we discuss using the OPA-based transmitter
operating at 1651 nm to measure methane column
abundance from an aircraft.

4. Airborne Lidar

For our airborne demonstration we used an enhance-
ment of the IPDA technique [46], using a sequence
of discrete laser pulses that were repetitively stepped
in wavelength across the line. Ideally only two wave-
lengths are needed for an IPDA lidar to determine
the line’s transmission and determine the path-
integrated atmospheric column density. In practice,



however, using more wavelengths and measuring the
line shape is quite valuable. This additional data
allows solving for variable instrumental and sys-
tematic errors, such as etalon fringes with various
periods and baseline drifts. Our airborne methane
lidar used 20 wavelengths distributed evenly across
the line.

The methane lidar measures the total transmit-
tance, 7(v), of the emitted laser energy, E,, through
the atmospheric column (from the aircraft to the
ground and back). The received energy, E, can be
written as

A

E= Eonﬁérz(u), 1
where 7 is the receiver efficiency, 8 is the ground sur-
face reflectivity, A is the collecting area of the recei-
ver, R is the range to the surface, and v is the laser
frequency. The total transmittance over the atmo-
spheric column is an integral over all atmospheric
layers, dr, between the aircraft and the ground:

() = e IS owTPN()dr @)
where o(v,T,P) is the molecular absorption cross
section for a given atmospheric layer and N(r) is
the corresponding number density in each atmo-
spheric layer.

The absorption cross section is a function of the
temperature, T, and pressure, P, at each atmo-
spheric layer, and the natural logarithm of the trans-
mittance, In(z(v)), is usually referred to as the optical
depth (OD). The differential optical depth (DOD), or
the OD “on” and “off” the absorption at A, and A, is
a useful quantity because, to the first order, it in-
creases linearly with the number density. As stated
above, an IPDA lidar may be designed to use two wa-
velengths (“on” and “off” the absorption, 4,, and A,)
or multiple wavelengths to trace the entire line
shape. The OD and DOD changes at 1,, and 1,4 can
be used to assess the SNR and performance of an
IPDA lidar [47-50].

A. Laser Operation and Data Recorder

For airborne operations the ground-based methane
instrument was modified to fit into the NASA DC-8.
A more robust optomechanical design was implemen-
ted to prevent misalignment in the aircraft environ-
ment. A block diagram of the airborne instrument
is shown in Fig. 3. The pump laser is a passively
@-switched Nd:YAG nonplanar ring oscillator made
by Innolight Inc. that emits single-frequency output
at 1064.5 nm. It has 3 ns pulse width and maximum
energy of 60 udJ per pulse at a 6.3 kHz repetition rate.
The laser is operating in a single mode, and its optical
linewidth is transform limited (~133 MHz). A beam
splitter directs a small portion of the pump laser onto
a high-speed photodiode (EO Technologies ET-3000)
that provides a trigger for the data acquisition
sequence. The OPA is seeded by a CW 1651 nm
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Fig. 3. Block diagram of the airborne lidar. The idler and residual
pump beams were not used and are not shown in the diagram.

commercial DFB laser made by NEL America (part
no. NLK1U5FAAA). The two beams (pump and seed)
are coaligned and focused through the OPA crystal.
The OPA crystal is a 50 mm long, 1 mm thick, MgO-
doped PPLN with a 31.0 pm grating. The end surfaces
ofthe crystal are angled at 5° and antireflective coated
at the pump, the signal, and the idler wavelengths in
order to minimize optical feedback and etalon fringes.
The temperature of the crystal is controlled by an
oven and temperature controller. The output beams
from the OPA are collimated and separated into three
wavelength paths using dichroic mirrors (not shown
in Fig. 3 for simplicity). The idler and residual pump
wavelengths are not used in the airborne experiment.
The signal beam from the OPA is sent through a beam
expander to reduce its divergence to 250-300 prad
and then directed to the ground through the nadir
port of the aircraft.

A beam splitter directs part of the outgoing
1651 nm beam through a short (8 cm) CH, reference
cell at 370 Torr that is used for wavelength calibra-
tion. Another part of the outgoing beam is sent on to
an InGaAs detector (Thorlabs DET10C) that serves
as an energy monitor. The output signal from the
cell and the energy monitor are integrated by gated
integrators (Signal Recovery Model 4121B) and then
digitized by an analog-to-digital converter (ADC).

The reflected ground echoes are collected by a
commercial 20 cm diameter receiver telescope (Vixen
VC200L) and are coupled into an AR-coated 600 um
core multimode fiber (Fiberguide CB18167). The
receiver field of view (FOV) is determined by the
telescope effective focal length (2 m), the receiver fi-
ber core size, and its numerical aperture. In our case
the FOV is 300 prad. The receiver fiber output is col-
limated and directed through a 0.8 nm (FWHM)
bandpass filter (Barr Associates), an iris for signal
attenuation, and then onto a photon-counting detec-
tor [Hamamatsu photomultiplier tube (PMT) Part
No H10330A-75]. The quantum efficiency of the PMT
at 1651 nm is approximately 1%. A high-speed am-
plifier amplifies the PMT signal for data acquisition.
A computer with a field-programmable gate array
(FPGA; National Instruments 7831-R), along with
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Table 1. Flight Lidar Parameters

Parameter Value
Seed wavelength 1650.9 nm
Pump wavelength 1064 nm
Laser pulse rate ~6.3 kHz

Laser pulse width 3 ns

Laser pump energy 60 pd

Seed power 15 mW
OPA energy 10 pd
Laser divergence ~300 prad
Receiver diameter 20 cm
Receiver field of view 300 prad
Receiver bandpass 800 pm (FWHM)
Scan rate ~250 Hz
Averaging period 1s
Detector efficiency ~1%

two delay generators (Stanford Research Systems
DG645), provide the necessary timing signals, wave-
length scan waveforms, and appropriate delays for
the data acquisition system. The major parameters
of the airborne system are summarized in Table 1.

The lidar receiver electronics had to accommodate
the various flight conditions (changing altitude and
topography) and the photon-counting detector input.

The flight data acquisition system uses the PMT in
analog mode. A gated integrator (Signal Recovery
Model 4121B) integrates the return pulses and pro-
duces a time series of the transmittance through the
atmospheric column. The seed wavelength was step-
scanned over the absorption line using 20 evenly
spaced wavelengths. The gate window for the return
pulses was set to 20 ns, and its delay was set by the
FPGA. The delay was adjusted during flight by mea-
suring the time of flight (TOF) between the start and
the echo pulse. All the data was time tagged by a GPS
unit that also provided position information.

5. Aircraft and Flights

The airborne flights were performed on NASA’s DC-8
aircraft, which is based at the Dryden Airborne
Operations Facility (DAOF) in Palmdale, California.
Just prior to our methane flights the NASA
ASCENDS program had completed a series of flights
to measure column COy using the same aircraft. We

were able to share some of the GSFC personnel and
equipment to minimize cost for these experiments.
We chose to overfly California’s Central
Valley because of its proximity to Palmdale and for
its possible methane sources (livestock feedlots, oil
fields, and natural-gas storage sites). The flight in-
strument was integrated onto the airplane in early
August 2011. The instrument complement included
the GSFC CO, Sounder GPS; a Picarro in situ ana-
lyzer that measures methane, carbon dioxide, and
water vapor using wavelength-scanned cavity ring
down spectroscopy [32]; and other ancillary instru-
ments (Fig. 4).

The methane lidar flew three flights over Califor-
nia’s Central Valley on August 23, 24, and 25, 2011.
All the flights traversed similar paths and were
routed away from high traffic and adjacent military
operations areas. The flight paths were anchored
near Bakersfield, California, at the southern end and
near Coalinga at the northern end. Each flight lasted
about 2.5 h and consisted of several segments at con-
stant altitudes at approximately 3, 4.8, 6.2, 7.9, 9.5,
and 11.1 km (10, 15, 20, 25, 30, and 36 thousand feet).
The exact altitudes varied slightly with each flight.
The flight paths and altitude profiles for the three
flights are shown in Figs. 5 and 6 respectively. The
order of the flight altitude segments was reversed
for the August 25 flight, and the flight path deviated
slightly to the west compared to the two previous
flights. The terrain in the Central Valley varies be-
tween dry desert and cultivated areas with a gently
changing topography.

6. Airborne Measurements and Results

The integrated, normalized return pulse energies
from the lidar as a function of wavelength represent
the transmittance through the atmospheric column.
As a first step in analyzing our measurements, we
compare our obtained transmittance profile to the
predicted transmittance profile. The theoretical
transmittance profiles are generated by calculating
the transmittance for each layer as a function of
range, pressure, temperature, water vapor pressure,
and of course, the mixing ratio of methane and other
atmospheric constituents. The calculations use a
line-by-line radiative transfer model [50] and the

Fig. 4. (Color online) (left) NASA’s DC-8 aircraft at DAOF prior to a methane flight and (right) the methane lidar in the aircraft. The lidar

used two aircraft racks and a transceiver.
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HITRAN 2008 database. The range to the ground is
determined by the TOF between the start pulse and
the echo pulse using the FPGA. The accuracy of the
range measurement was approximately 2 m, compar-
able to what was obtained by Amediek et al. [51]
with a similar lidar instrument. Ancillary meteorolo-
gical data is also needed to calculate the state of the
atmosphere and implement a retrieval algorithm.
Most of the additional meteorological data came
from the aircraft data acquisition system, which
measures pressure, temperature, GPS location, dew
point, wind speed, and many other parameters of
interest. Our flight segments were relatively close
to each other, and the airplane meteorological data
was adequate in providing data for the atmospheric
layers above 3 km. However, we needed additional
data for the layers below 3 km. The meteorological
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Fig. 6. Flight altitude profiles for the three methane lidar flights
in 2011.

0 2000

data during the ascent and descent to Palmdale were
not useful because they were not taken in the vicinity
of our main flight path. We obtained the additional
meteorological data for our flights from the Global
Modeling and Assimilation Office (GMAO) [52]. The
GMAO develops models and assimilates observa-
tions from satellites and ground systems to generate
meteorological products that are used for various
NASA missions. Using these data we calculated the
theoretical spectra of the expected atmospheric
transmittance, OD, and DOD as a function of alti-
tude, an example of which is illustrated in Fig. 7.

We processed the data by first subtracting a con-
stant offset (~2—-4% of the integrated pulse energy)
arising from the integrator electronics. The offset-
corrected integrated pulse energies were then
averaged over 20 s and then normalized by the mean
off-peak (pulses 1-3 and 18—20) pulse energy to give
the transmittance. We then used our wavelength re-
ference, transmission through the onboard methane
cell, to calibrate our wavelength scan, thus giving the
measured transmittance versus wavelength profile
shown in Fig. 8. This measured transmittance was
found to be in good agreement with the theoretical
prediction.

In order to perform methane concentration retrie-
vals, we need to fit the data to a model function with
a free parameter for the methane concentration. We
use the theoretical curve but allow for a scale factor
of the OD to vary the transmittance in a way that
reflects a change in the methane concentration.
Thus, for every 20 s averaged transmittance profile,
we obtain an optimum scale factor along with a mod-
ified model profile that corresponds to the best fit. We

1 December 2012 / Vol. 51, No. 34 / APPLIED OPTICS 8301
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use this modified profile to obtain the DOD, or the
difference in OD between the peak absorption
(“on” wavelength) and 100 pm away from the peak
(“oft” wavelength).

Figure 9 shows the retrieved DOD as a function
of time along with the measured lidar range. As
expected, the measured DOD increases with flight
altitude. In addition, at each flight altitude change
when the plane is turning the DOD increases
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g Data
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Fig. 8. Retrieved transmittance versus wavelength at a flight
altitude of 9.6 km and comparison with the prediction using
line-by-line calculations with the HITRAN 2008 database for
the August 25 flight. A 20 s averaging period was used.
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because of the longer (slant) optical path. Figure 10
shows a comparison of the measured lidar DOD and
the DOD predictions. A linear fit of the measured
DOD versus the theoretical DOD prediction shows
a slope of 1.036 and a small offset of —0.012. The
R? value of the fit is 0.994. The standard error in
the slope estimate was 0.00045, and the standard
deviation of the residuals of the fit was 0.0033.

Along with the DOD, the retrievals estimated the
methane column mixing ratio. Figure 11 shows the
methane mixing ratio for the August 25 flight along
with the in situ CRDS instrument (Picarro) values
as a function of flight time in decimal hours (UTC,
coordinated universal time). A 20 s averaging period
was used.

7. Discussion

Overall the lidar and the Picarro showed reasonable
agreement. The lidar mixing ratio values were noi-
sier and varied more than those of the Picarro.
The noise increased at lower altitudes where the
methane absorption gets smaller as the range (path
length) gets shorter. Some of the sudden changes in
the methane mixing ratio later in the flight were due
to alignment adjustments of the instrument during
flight. We do not expect the lidar and the Picarro
to agree perfectly. The in situ measurements are
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Fig. 10. Measured DOD versus theoretical DOD prediction with
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Fig.11. Comparison of the lidar methane mixing ratio with the in
situ CRDS instrument (Picarro) values as a function of flight time
in decimal hours (UTC) for the August 25 flight. A 20 s averaging
period was used.

point measurements taken at a particular flight
altitude whereas the methane lidar measures the
entire column to the surface.

The lidar measurements were affected by several
random and systematic noise sources. The low quan-
tum efficiency of the PMT at 1651 nm and the rela-
tively low power of the laser transmitter produced
noisy data. The laser power needs to be increased
considerably for a space application. The boresight
alignment was also an issue, and we had to check
and adjust the receiver alignment during flight.
This issue can be mitigated by a more robust optome-
chanical design. The integrator electronics also intro-
duced a bias that was subtracted from the integrated
pulse energies. The bias is calibrated on the ground
prior to or after the flights. However, it is possible
that it may vary during flight. We are currently try-
ing to substitute our integrator electronics with fast
digitizers that will sample the pulse waveform and
mitigate this issue. Finally another significant non-
random noise component that degraded our SNR was
etalon fringes in our transmitter. Etalon fringes are
unwanted optical interference patterns that arise
from multiple weak reflections from each optical sur-
face in the optical path. They are a function of small
path-length changes due to optomechnical shifts,
temperature, and changes in the index of refraction,
and they can limit the detection sensitivity and aver-
aging time of a laser spectrometer [53]. They can
manifest themselves as real signals and can intro-
duce biases in the measurement and make retrievals
difficult as they change over time. Various signal pro-
cessing techniques have been suggested for reducing
their impact [54-56], but none of these techniques
have been completely successful. Our transmitted
beam exhibited a large fringe, which was then super-
imposed on the return pulses. We believe that the
fringe is the result of reflections from the crystal or
one of the other optical elements in the path (Ilenses
and beam splitters). On the ground system we were
able to use the energy monitor signal to remove the

effect of the etalon fringe. Unfortunately on the flight
system the normalization with the energy monitor
actually proved detrimental because the fringes on
the receiver and the energy monitor exhibited differ-
ent phases and free spectral range. The presence of
the fringe limited the ability of the fitting algorithm
to find a good fit and increased our overall error. We
believe that with better optomechanical design and
adequate preflight testing we can overcome these
problems and improve our results.

8. Summary

We have demonstrated airborne measurements of
methane absorption and column abundance using
a pulsed direct-detection lidar and the IPDA techni-
que. The lidar operates at the 1650.95 nm methane
line, and the laser was stepped-scanned over the
absorption with 20 evenly spaced wavelength steps.
The return pulses were gated and integrated to
produce a transmittance measurement through the
atmospheric column. We flew three flights in the
Central Valley of California on NASA’s DC-8 flying
laboratory. All flights consisted of flight segments
at stepped altitudes from 3 toll km. A retrieval
algorithm estimated the OD and methane mixing
ratio by fitting the experimental data to the theore-
tical predictions. The fitted line shapes agreed well
with those predicted from the line-by-line radiative
transfer calculations with the HITRAN 2008 data-
base and the airplane and GMAO meteorological
data.

The dominant error source for these flights was
etalon fringes in the lidar that added unwanted
structure to our line shapes. The low transmitter
power and 1% quantum efficiency of the detector
were also significant limitations. We are currently
in the process of increasing the power of the laser
transmitter and the detector sensitivity. With im-
proved stability and higher laser power and detector
efficiency, this approach can be used for airborne
studies of methane columns for carbon cycle science
investigations. Once further laser power scaling and
detector improvements are accomplished, a space
lidar using this approach should be feasible.
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